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Abstract: The Sentinel-1 mission has now reached its maturity, and is acquiring high-quality 
images with a high revisit time, allowing for effective continuous monitoring of our rapidly 
changing planet. The purpose of this work is to assess the performance of the different synthetic 
aperture radar products made available by the European Space Agency through the Sentinels Data 
Hub against glacier displacement monitoring with offset tracking methodology. In particular, four 
classes of products have been tested: the medium resolution ground range detected, the 
high-resolution ground range detected, acquired in both interferometric wide and extra-wide 
swath, and the single look complex. The first are detected pre-processed images with about 40, 25, 
and 10-meter pixel spacing, respectively. The last category, the most commonly adopted for the 
application at issue, represents the standard coherent synthetic aperture radar product, delivered 
in unprocessed focused complex format with pixel spacing ranging from 14 to 20 meters in azimuth 
and from approximately 2 to 6 meters in range, depending on the acquisition area and mode. Tests 
have been performed on data acquired over four glaciers, i.e the Petermann Glacier, the 
Nioghalvfjerdsfjorden, the Jackobshavn Isbræ and the Thwaites Glacier. They revealed that the 
displacements estimated using interferometric wide swath single look complex and 
high-resolution ground range detected products are fully comparable, even at computational level. 
As a result, considering the differences in memory consumption and pre-processing requirements 
presented by these two kinds of product, detected formats should be preferred for facing the 
application. 
Keywords: synthetic aperture radar; offset tracking; displacements; Sentinel-1; glacier monitoring 
 
1. Introduction 
Under the aegis of the Copernicus Programme, the Sentinel-1 (S1) mission of the European 
Space Agency (ESA) has been providing high quality synthetic aperture radar (SAR) images since 
2014. The short revisit time and the free and open data distribution policy is substantially affecting 
the remote sensing downstream sector, with more and more users involved in an increasing number 
of applications [1]. 
The S1 mission acquires data in different modes resulting in products at different spatial 
resolutions. The most commonly used are the interferometric wide (IW) swath and the 
interferometric extra-wide (EW) swath, in which data are acquired in swaths using the Terrain 
Observation with Progressive Scanning SAR (TOPSAR) imaging technique [2]. Raw products are 
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then processed and uploaded on the Sentinels Data Hub (SDH) in two different formats: the single 
look complex (SLC) data format, and the ground range detected (GRD) data format [3]. 
SLC images represent the standard SAR product [4]. The products are in zero-doppler 
geometry. Each row of pixels represents points along a line perpendicular to the sub-satellite track. 
The products include a single look in each dimension, using the full available signal bandwidth and 
complex samples preserving the phase information. For IW and EW acquisition modes, each 
sub-swath consists of a series of bursts. Each burst is processed as a separate SLC image, and all 
processed bursts are finally assembled into the final product [3]. In the first case, the pixel spacing is 
approximately 14 × 2 meters in azimuth/slant range directions. In the latter, it is approximately 6 × 20 
meters. 
GRD products are detected, multi-looked and projected onto ground range (using an Earth 
ellipsoid model) images. Ground range coordinates are the slant range coordinates projected onto 
the Earth’s ellipsoid. The phase information originally contained in SLC products is not preserved. 
The resulting product has approximately square resolution cell and square pixel spacing with 
reduced speckle at a cost of reduced geometric resolution. These products are provided in three 
different formats: the full resolution ground range detected (GRDF), the high-resolution ground 
range detected (GRDH), and the medium resolution ground range detected (GRDM). 
GRDF products present a pixel spacing of 3.5 meters in azimuth/slant range directions and 
derive only from stripmap (SM) acquisitions, which are scarcely tasked at the time of this research. 
GRDH products have a pixel spacing of approximately 10 meters in azimuth/slant range directions 
when derived from SM or IW acquisitions, and up to about 25 meters when images come from EW 
data. Finally, GRDM products present 40-meter pixel spacing roughly when acquired both in IW 
and EW mode. For a complete reference concerning S1 products and acquisition modality, the 
reader should refer to [3] and [5].  
Given the variety of S1 products, it is important to identify the best among them in feeding 
information extraction algorithms and to assess each performance in relation to a specific application 
[6] or image quality parameter [7]. This work has two main objectives: the first one is to assess the 
performance of the three most available products in the SDH, namely the SLCs, the GRDHs, and the 
GRDMs, with regard to a classic SAR remote sensing application, which is glacier displacement 
monitoring with offset tracking (OT) [8–10]. The second one is to provide users and scientists 
interested in this application with some guidelines concerning the exploitation of different products 
and the best parameters setting based on quantitative analysis of the estimated displacements. The 
test cases here concern four of the largest worldwide glaciers i.e the Petermann Glacier (PG), the 
Nioghalvfjerdsfjorden (NI), the Jackobshavn Isbræ (JAK) and the Thwaites Glacier (THW). The first 
three are in the Greenland and the last in Antarctica. Displacements have been measured by 
processing 24 images per product class in pairs, approximately a couple per month, during the year 
2017.  
Remote sensing technologies have been widely exploited for monitoring glaciers at continental 
scale since the 1980s [11,12]. At that time, displacements were estimated through manual feature 
tracking of natural color images acquired with long temporal baseline. From the 1990s, the literature 
started to propose methodologies able to automatically track displacements exploiting correlation of 
multispectral images [13–15].  
Due to the large availability of free images, multispectral sensors were the privileged source of 
data. Landsat 4 and 5 acquisitions were exploited to map displacements of the Ross [16] and Larsen 
[17] ice shelves in Antarctica. Landsat 8 images were preferred for large scale mapping of ice flows of 
Greenland, Antarctica and Alaska [18,19]. For estimation of ice velocity in Antarctica MODIS-based 
mosaics were employed [20]. Historical trends of the Pamir-Karakoram-Himalaya system were 
retrieved from archive Landsat 5 and 7 data [21]. The suitability of data acquired by the recently 
launched Sentinel-2 satellite with glacier monitoring (not limited to displacements) was investigated 
in [22]. A data performance comparison between Sentinel-2 and Landsat was provided in [23]. 
Due to the dependence upon light and weather conditions of passive sensors (which is 
particularly severe at very high/very low latitudes [24]) SAR sensors have been widely preferred for 
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glaciers monitoring since the 1990s with the launch of the ERS-1 satellite. As explained in Joughin et 
al. [25], initially SAR interferometry was exploited to map displacements [26–28]. However, these 
techniques have limitations when applied to large displacements as discussed in the following 
Section. Therefore, intensity tracking methods, originally developed for multispectral data, started 
being developed to deal with large displacements. OT methods have been successfully applied to 
map movements of terrains due to natural phenomena such as landslides, earthquakes [29–31], 
human activities (e.g mining) [32,33] and glaciers [8–10,34–37]. In this paper, the technique is applied 
to pairs of S1 images acquired in different modalities to assess the performance of the different 
product classes and determine the best in terms of accuracy of the estimated displacements and 
computational demand. 
The work is organized as follows. Materials and methods are introduced in Section 2. 
Experimental results are presented and commented in Section 3 according to inter-product 
comparison and comparison with literature. It is worth stressing that the analysis has been 
performed from a data product perspective only. In other words, the paper does not contain any 
physical interpretation of the phenomenon considered (i.e why glaciers move in one or another 
direction) but can advise an expert in the field of the best S1 products to infer similar conclusions. 
2. Materials and Methods 
2.1. Offset Tracking 
OT methods allow for large displacements estimation without the need to exploit the SAR 
phase information. In this sense, they can be seen as complementary to classic differential synthetic 
aperture radar interferometry (DInSAR) [38]. As is well-known, DInSAR-based estimations are 
limited in the maximum observable displacement gradient (depending on the signal wavelength) 
and on the preservation of the interferometric coherence. Hence, it is typically applied only on areas 
exhibiting high temporal stability with respect to the signal phase (e.g slow subsidence or buildings) 
[29]. Moreover, classic DInSAR can measure just displacements in the slant range direction, so no 
information concerning horizontal movements can be provided unless special techniques (such as 
the one proposed in [39]) are applied. 
OT methods, instead, are applied to the SAR amplitude channel, thus being less sensitive to 
atmospheric effects and insensitive to phase instability of targets. They allow for measuring 
South-North and East-West displacements without any limitation on the observable gradient and 
even in areas typically characterized by low interferometric coherence, such as those highly 
vegetated [40]. This means that, by using just a couple of SAR images, movements of several meters 
can be detected with a good degree of approximation [31]. 
The block diagram of the implemented frequency-domain OT technique is depicted in Figure 1. 
It starts with a couple of SAR images as input to a coregistration block. The image acquired first is 
the reference for the displacements estimation and it is called master. The image in which 
displacements are evaluated is referred to as the slave image. They are co-registered with standard 
techniques [4]. When S1 data are selected, the application of precise orbit [41], if available, is advised 
before co-registration. 
Co-registered data feed the OT algorithm depicted in the lower diagram of Figure 1 [29]. It 
exploits cross-correlation (CC) calculated on several windows extracted from the image pair to 
estimate the shift between the master patch and the slave patch. Windows are extracted around 
grid-points (or ground control points, GCPs) usually regularly distributed across the images. 
The CC matrix C between two null-mean patches M and S from, respectively, the master and 
slave image, is computed as follows: 
C =
IFFT{FFT{M} × FFT{S}∗}
 〈  〉 × 〈  〉
,   ∈ [0,1], 
(1) 
in which FFT and IFFT stand for the fast Fourier and the inverse fast Fourier transforms, 
respectively, the apex * represents the complex conjugation operation, and the symbol <*> the mean 
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operator. In Equation (1), M and S are oversampled by a factor f (which must be a power of two in 
order to optimize the FFT calculation) to take into account the sub-pixel movements, being the 
minimum detectable displacement (in pixel units), i.e the technique sensitivity, equal to 1/f. 
 
Figure 1. Block diagram of the implemented frequency-domain offset tracking (OT) technique. The 
lower diagram is an exploded view of the OT processing block. 
The peak value of the matrix C,      , identifies the amount of the shift to be applied to the slave 
patch to be superimposed to the master one. The higher the peak, the more reliable the estimated 
shift is. Note that C is a circular matrix, therefore the maximum detectable shift is equal to ±d/2, 
where d is the dimension of the patches. 
In order to identify reliable shifts, two quality parameters for the selection of reliable GCPs, i.e 
the peak value       previously introduced and the ratio   =      ⁄ 〈 〉 between the matrix peak 
and the background, are considered [9]. For both parameters, a pre-determined user-defined 
threshold is adopted to exclude invalid GCPs. Spatial smoothing filter is usually applied to 
minimize noisy displacement patterns and reduce high-frequency noise [31]. Accepted GCPs are 
finally interpolated to produce the displacement map. Due to interpolation it is possible that they 
show displacement values under the sensitivity of the method dictated by the oversampling factor. 
3.2. Algorithm Set-Up 
In Table 1, the OT algorithm parameters setting for the implemented experiments are reported. 
They vary as a function of the product class. The objective was to obtain output maps with 
comparable sensitivity, i.e with a minimum detectable displacement of the same order. Accordingly, 
due to the different pixel spacing of the input products, a different parameters set-up was chosen for 
the grid spacing, the oversampling factor and the cross-correlation window size. In the table, when 
the values relevant to the sensitivity and the CC window size are in square brackets they refer to a 
range of possible values used to set-up different experiments, which details are reported in Section 4.  
As for the grid spacing, it was slightly increased as the product pixel spacing decreases in order 
to reduce the computational load. In fact, the number of GCPs to be evaluated is given by the size of 
the analyzed subset divided by the grid spacing. Intuitively, as the image resolution improves, the 
subset size enclosing the glacier increases as well. Therefore, a less dense grid was preferred when 
running the OT on the products with higher resolution.  
The oversampling factor f (which determines the sensitivity with respect to the minimum 
detectable displacement) is related to the phenomenon under observation and the product 
resolution. As far as glaciers are concerned, a resolution in the order of a few meters is 
fit-for-purpose. Therefore, f is set in such way to have a sensitivity ranging from 0.9 to 2.5 meters in 
both azimuth and range directions. Most of the experiments based on IW SLC images have been 
performed using an oversampling factor of 8 in azimuth direction and 4 in range direction. As for IW 
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GRDH, f was set to 8 in both azimuth and range directions. Finally, the value for f in the case of EW 
GRDH and EW GRDM images was 16.  
Table 1. OT algorithm parameters for the different product classes and test sites. 
Parameter Unit SLC GRDH10 GRDH25 GRDM Glacier 
Pixel spacing 
azimuth/range 
m 
13.9/3.79 
13.8/3.49 
13.8/7.04 
14.03/4.27 
10.1/10.0 
10.1/10.0 
10.1/10.0 
10.1/10.0 
25.4/25.3 
na 
25.4/25.3 
na 
40.6/40.4 
40.5/40.0 
40.6/40.6 
40.3/40.1 
PG 
NI 
JAK 
THW 
Sensitivity 
azimuth/range 
m 
[0.9,1.7]/0.9 
[0.9,1.7]/0.9 
1.7/1.7 
[0.9,1.7]/0.9 
[1.2,2.5]/[1.2,2.5] 
[1.2,2.5]/[1.2,2.5] 
[1.2,2.5]/[1.2,2.5] 
[1.2,2.5]/[1.2,2.5] 
1.6/1.6 
na 
1.6/1.6 
na 
2.5/2.5 
2.5/2.5 
2.5/2.5 
2.5/2.5 
PG 
NI 
JAK 
THW 
CC window size 
azimuth/range 
m 
[64,128]/[64,256] 
[64,128]/[64,256] 
[64,128]/[64,128] 
[64,128]/[64,256] 
[64,256]/[64,256] 
[64,256]/[64,256] 
[64,128]/[64,128] 
[64,256]/[64,256] 
[64,128]/[64,128] 
na 
[64,128]/[64,128] 
na 
[64,128]/[64,128] 
[64,128]/[64,128] 
[64,128]/[64,128] 
[64,128]/[64,128] 
PG 
NI 
JAK 
THW 
Grid size 
azimuth/range 
Pixel 
30/100 
30/50 (JAK) 
40/40 30/30 20/20  
CC threshold  0.1  
q threshold  4  
Max flow speed m/day 
8 
8 
40 
20 
PG 
NI 
JAK 
THW 
Subset size km2 × 103 
37.8 
21.3 
9.65 
23.5 
25.0 
15.0 
4.43 
13.6 
53.8 
na 
13.42 
na 
47.4 
43.8 
7.22 
22.8 
PG 
NI 
JAK 
THW 
As a general guideline, it is a good practice to check the specific pixel spacing for each product 
as reported in the respective metadata. The use of nominal values, those declared by ESA for a 
certain product class in the product specification documents (see [3]), in place of the specific ones 
would bring an error in the estimated displacements.  
2.2. Test Areas and Data in Use 
2.2.1. Petermann Glacier 
The PG flows within the Hall Basin in the Nares Strait in Northwestern Greenland, constituting 
one of the largest glaciers of the region. It drains ice from the center of the Greenland ice sheet to the 
ocean through the Petermann Fjord, which is approximately 90 km long. The thickness of the ice 
shelf is higher than 100 m, while its width is of approximately 15 km. This glacier is characterized by 
low resistive stresses along flow because of the limited cohesion with the fjord walls [42]. It flows 
like a river towards the sea with a velocity of approximately 1.1 km/year at its grounding line since 
the 1990s [43,44], delivering annually 12 tons of ice into the ocean [42]. 
3.2.2. Nioghalvfjerdsfjorden 
NI is located in the Northeastern part of the Greenland, of which it represents the largest ice 
shelf. Its length and width at mid-distance measure more than 70 km and approximately 20 km, 
respectively. Together with the adjacent Zachariæ Isstrøm and Storstrømmen, it drains more than 
the 10% of the Greenland ice sheet [45]. Potentially, this region alone could rise the global sea level of 
more than one meter in the unlikely event of complete loss of the ice sheet [46]. The maximum 
velocities for NI, in the order of 5 m/day, are found near the grounding line and have been quite 
stable in recent years [47]. 
2.2.3. Jackobshavn Isbræ 
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JAK is located in the Western part of Greenland and is the fastest glacier draining the ice sheet 
[48]. During the late 1990s, the ice tongue was involved in several break-up events causing the 
glacier to increase its velocity. This phenomenon continued until recent years [49] and is influenced 
by the warming of the water in the adjacent ocean [50]. The literature pointed out that this glacier is 
subject to high velocity variability over the time [51]. Nowadays its peak velocity is, on average, 
more than 20 m/day [47]. 
2.2.4. Thwaites Glacier 
THW is an extremely large and fast-moving Antarctic glacier flowing into Pine Island Bay. As 
highlighted in [52], it is contributing to the global sea level rise for about one millimeter per year. The 
THW has a wide ice front (about 120 km long), and its ice flow speed increased, in its lower part, 
from 50 to 100 m/year since 2009 [52]. Authors of recent studies believe that the THW has the 
greatest potential for further near-term increases in ice flux, thus causing a rapid sea-level rise [53]. 
2.2.5. Data 
The datasets used in this study have been acquired by the S1 constellation in 2017. For each test 
site and for each product class (when available), 24 images organized in 12 pairs (approximately a 
couple per month) have been analyzed for displacement estimation using OT. Overall, 168 couples 
have been considered. In the case of the PG and JAK, all the product classes (IW SLC, IW GRDH, EW 
GRDH, and EW GRDM) were available in the SDH. In the case of NI and THW, the EW GRDH 
product class was not accessible, therefore the processing for EW acquisitions was limited to GRDM 
products. 
Reference data for glaciers displacements along selected transects were provided in [47]. They 
were retrieved using the OT algorithm implemented in the GAMMA-SAR software suite [54] and 
applied to couples of S1 SLC images [54]. As declared by the authors, the spatial resolution of the 
output velocity maps is of 388 m in ground range and 320 m in azimuth. After post-processing and 
filtering, the final product was resampled on a 100 m × 100 m cartographic grid [47] representing the 
source of information used in this study in the assessment phase. The number of sampling points for 
the considered transects are the same as in [47]. Their values are: PG—900 along flow, 1107 across 
flow; NI—800 along flow, 736 across flow; JAK—900 along flow, 699 across flow; THW—1800 along 
flow, 2135 across flow. 
In Table 2, the monthly average flow velocity across the selected transects for the four 
considered glaciers as extracted from the reference literature [47] is reported. The PG shows a quite 
uniform behavior all over the year, with exceptions in the months of July (for both along and across 
flows), and August (across flow only).  
Table 2. Monthly average flow velocities for the four considered glaciers extracted from the reference 
literature [47]. Values are expressed in m/day. 
Time 
PG NI JAK THW 
Along Across Along Across Along Across Along Across 
January 2.49 2.95 1.94 2.86 10.6 3.45 9.64 4.75 
February 2.58 2.86 1.92 2.87 9.76 3.26 9.88 5.62 
March 2.57 2.87 1.93 2.90 9.71 3.30 9.86 5.26 
April 2.45 2.91 1.88 2.88 9.26 3.29 9.75 4.87 
May 2.47 2.97 1.92 2.87 10.3 2.47 9.68 5.07 
June 2.60 2.99 1.89 3.04 12.3 3.17 9.64 5.20 
July 3.56 3.22 3.16 3.12 8.80 3.48 9.67 5.05 
August 2.87 3.21 1.97 3.08 13.0 3.54 9.08 5.09 
September 2.69 2.96 1.90 2.99 11.0 3.25 9.08 4.68 
October 2.73 2.90 1.94 2.90 10.4 3.25 9.39 4.68 
November 2.73 2.93 1.88 2.92 10.0 3.25 9.71 4.73 
December 2.72 2.93 1.93 2.91 9.65 3.24 10.3 4.75 
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As for the NI, an abrupt change in the flow velocity (more than one meter per day above the 
average over the rest of the year) is registered in the month of July for the along flow. As for the 
across flow, it is more stable, with a slight increase during the summer.  
The average monthly flow speed for JAK is more variable. As for the other Greenland glaciers, a 
speed-up (especially in the along flow direction) is registered during summer, likely due to ice 
melting effects, with exception made for the month of July, when the flow speed drops at its annual 
minimum.  
As regards the THW, as reported in the last column of Table 2, the flow speed is almost uniform 
all over the year, i.e there are no remarkable seasonal effects in the glacier behavior.  
3. Results 
The CC window dimension is determined by a trade-off between different needs. First, it must 
be large enough to estimate the maximum expected displacement, since the maximum detectable 
one (in pixel units) is equal to half the size of the correlation window. Large windows can affect the 
preservation of the edges of the features of interest [55], present a higher likelihood of including 
changing areas (thus causing a drop in the correlation peak) and tend to increase the computational 
load. In the literature, some techniques are proposed for a feature-based selection of the CC window 
size (see [56] as an example) but, in most of the cases, the simplest and safest way to operate is with a 
trial-and-error application-oriented approach. Conversely, it is known that, if the correlation 
window size is too small, the signal-to-noise ratio is low and this leads to a noisy estimate of the 
shifts between the master and slave patches [57]. The tests performed revealed that the minimum 
window dimension allowing for reliable results is 64 x 64 square pixel. As explained in the 
following, different windows have been tested in order to find the best match between the 
displacements estimated through the implemented OT and those available from past literature.  
For a GCP to qualify as a good candidate, the quality parameters       and q need to be greater 
than empirically pre-determined thresholds. In this study the threshold value for      has been set 
to 0.1 which is in line with similar choices in literature (as an example, in Reference [40] a threshold 
of 0.2 was suggested). However, in order to enforce the requirements for valid GCPs, both the 
conditions on the maximum correlation and on the ratio with respect to the background, here 
estimated to be at least 4, have been imposed. 
3.1. Comparison with Literature Data 
First, the results of the implemented OT algorithm were compared with available literature data 
provided in [47] and relevant to selected transects in along flow and across flow directions. A 
graphic overview of the four test sites and of the corresponding analyzed transects (AA—along 
flow, BB—across flow) is provided in Figure 2a, Figure 2b, Figure 2c, and Figure 2d for the PG, NI, 
JAK and THW, respectively. Greenland data have been geocoded using a polar stereographic 
projection with origin latitude of 70 decimal degrees and origin longitude of -45 decimal degrees. As 
for Antarctica data, the origin latitude was of -71 decimal degrees and the origin longitude of 0 
decimal degrees.  
Data reported in the subsequent tables represent the root mean square error (RMSE) of the 
estimated flow velocities against reference data calculated as follows: 
RMSE =  ∑
(     )
 
 
 
    , 
(2) 
where    is the estimated flow speed (expressed in m/day) and    is reference flow speed for a 
given point i along one of the considered transects. 
3.1.1. Petermann Glacier 
In Table 3, Table 4 and Table 5, the results obtained on the PG for the IW SLC, IW GRDH, and 
EW GRDH and EW GRDM product classes, are shown respectively. Each table entry represents the 
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root mean square error (RMSE), expressed in meters per day, against reference data along the along 
flow and across flow transects introduced above. Boxes with grey shading indicate the best 
performance with respect to the considered literature data, while those with orange shading indicate 
the same result achieved with a higher computational time. Each column corresponds to a selected 
combination of the CC window size and of the oversampling factor, both declared on the top of the 
column (w stands for the dimension of the CC window and f for the oversampling factor). When 
only one value for these two parameters is present, it refers to both azimuth and slant range 
directions. Two numbers separated by the slash character means that an asymmetric CC window 
and/or oversampling factor has been used for running that particular experiment. This notation is 
kept for all the subsequent tables reporting the results of the experiments concerning the other 
analyzed glaciers. 
 
 
 
(a) (b) 
  
(c) (d) 
Figure 2. SAR images (all acquired in right ascending orbit) of the test sites with the corresponding 
analyzed transects (AA—along flow, BB—across flow). (a) Petermann glacier, (b) 
Nioghalvfjerdsfjorden, (c) Jakobshavn Isbræ and (d) Thwaites glacier. 
From the results we can see that, for IW products, the change in the window size does not 
influence significantly the performance with respect to reference data which shows, in most cases, a 
discrepancy of less than 20 centimeters per day, with a peak of 0.86 m/day for the pair 11–17 June 
using GRDH data. The most significant effect is that of the CC window size on the computational 
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time. Especially for GRDH images, an increase in the dimension of the CC window has a negative 
impact on it, with negligible variations of the estimated flow speed. 
Table 3. PG, IW SLC product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along flow and across flow transects. 
Petermann–IW SLC 
Observation Track 
w = 64, f = 16/4 w = 64/128, f = 8/4 w = 128, f = 8/4 w = 64/256, f = 8/4 
Along Across Along Across Along Across Along Across 
6–12 Jan 26 AA 0.14 0.10 0.14 0.14 0.14 0.17 0.10 0.14 
11–17 Feb 26 DD 0.30 0.26 0.28 0.28 0.28 0.28 0.28 0.26 
1–7 Mar 26 DD 0.14 0.14 0.14 0.14 0.10 0.14 0.10 0.14 
6–12 Apr 26 DD 0.20 0.14 0.22 0.14 0.22 0.14 0.20 0.14 
18–24 May 26 DD 0.17 0.10 0.14 0.17 0.17 0.14 0.14 0.14 
11–17 Jun 26 DD 0.14 0.10 0.28 0.24 0.17 0.35 0.20 0.28 
11–17 Aug 26 DD 0.20 0.26 0.20 0.35 0.17 0.28 0.17 0.33 
10–16 Aug 26 DD 0.26 0.45 0.22 0.45 0.22 0.44 0.24 0.35 
9–15 Sep 26 DD 0.10 0.10 0.10 0.10 0.00 0.10 0.10 0.10 
9–15 Oct 26 DD 0.14 0.17 0.14 0.17 0.14 0.17 0.14 0.17 
8–14 Nov 26 DD 0.10 0.14 0.10 0.17 0.14 0.20 0.10 0.17 
8–14 Dec 26 DD 0.24 0.32 0.26 0.35 0.24 0.35 0.26 0.36 
Time  ≈ 1.5 hrs ≈ 1.7 hrs ≈ 3.5 hrs ≈ 4 hrs 
Table 4. PG, IW GRDH product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along flow and across flow transects.  
Petermann–IW GRDH 
Observation Track 
w = 64, f = 8 w = 128, f = 8 w = 256, f = 4 
Along Across Along Across Along Across 
6–12 Jan 26 AA 0.17 0.24 0.14 0.17 0.14 0.32 
11–17 Feb 26 DD 0.28 0.26 0.24 0.24 0.22 0.33 
1–7 Mar 26 DD 0.26 0.24 0.24 0.22 0.22 0.30 
6–12 Apr 26 DD 0.28 0.28 0.24 0.28 0.22 0.48 
18–24 May 26 DD 0.28 0.32 0.26 0.30 0.17 0.45 
11–17 Jun 26 DD 0.87 0.48 0.28 0.47 0.32 0.46 
11–17 Aug 26 DD 0.36 0.32 0.32 0.28 0.28 0.37 
10–16 Aug 26 DD 0.24 0.24 0.22 0.20 0.20 0.30 
9–15 Sep 26 DD 0.17 0.17 0.17 0.28 0.42 0.30 
9–15 Oct 26 DD 0.17 0.28 0.10 0.17 0.10 0.41 
8–14 Nov 26 DD 0.24 0.20 0.24 0.20 0.14 0.33 
8–14 Dec 26 DD 0.33 0.22 0.33 0.22 0.26 0.37 
Time  ≈ 1 hr ≈ 7.5 hrs ≈ 8.8 hrs 
Table 5. PG, EW GRDH and EW GRDM product classes experiments, RMSE (expressed in m/day) 
with respect to available literature data measured along selected along flow and across flow 
transects. 
 Petermann–EW GRDH Petermann–EW GRDM 
Observation Track 
w = 64, f = 16 w = 128, f = 16 w = 64, f =16 w = 128, f = 16 
Along Across  Along Across Along Across Along Across 
1–7 Jan 41 AA na na na na na na na na 
12–18 Feb 41 DD na na na na na na na na 
8–1 Apr 41 AA na na na na na na na na 
1–13 Apr 41 AA 0.47 0.46 0.42 0.75 0.69 0.66 0.67 1.02 
7–19 May 41 AA 0.45 0.62 0.44 0.62 0.67 0.91 0.73 1.17 
10–22 Jun 41 AA na na 0.35 0.68 0.61 0.98 0.57 1.21 
6–18 Jul 41 AA 0.88 0.82 0.62 0.68 0.49 0.68 0.75 1.07 
11–23 Aug 41 AA 0.50 0.59 0.37 0.63 0.48 0.59 0.69 1.10 
4–16 Sep 41 AA 0.36 0.40 0.32 0.41 0.62 0.94 0.60 1.14 
10–22 Oct 41 AA 0.48 0.52 0.36 0.69 0.70 0.81 0.48 1.10 
3–15 Nov 41 AA 0.33 0.35 0.35 0.45 0.71 0.71 0.42 1.07 
9–21 Dec 41 AA 0.33 0.41 0.33 0.66 0.33 0.63 0.22 1.04 
Time  ≈ 0.8 hrs ≈ 22.4 hrs ≈ 1.7 hrs ≈ 15.6 hrs 
 
In Figure 3a, Figure 3b, Figure 3c and Figure 3d, an example of the results obtained running the 
OT algorithm, respectively on PG IW SLC, IW GRDH, EW GRDH and EW GRDM images, is shown. 
Examples of the quality parameter maps, i.e maximum CC and q, are reported in Figure 4a and 
Figure 4b, respectively. Only the IW SLC case is shown for brevity. 
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(a) (b) 
  
(c) (d) 
Figure 3. PG, flow speed maps obtained using (a) IW SLC, (b) IW GRDH, (c) EW GRDH and (d) EW 
GRDM images. Observation periods are 6–12 January 2017 for IW images and 1–13 April for EW 
images. 
  
(a) (b) 
Figure 4. PG, quality parameters maps obtained by processing the IW SLC pair 6–12 January 2017. (a) 
Maximum correlation. (b) Ratio between the peak and the background of the correlation matrix 
(q-parameter). 
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Qualitatively, the flow speed maps obtained by processing IW products are quite similar. In 
both cases, the velocity fields are very homogeneous outside the glacier area, where they are 
expected to be almost null. Within it, there are no significant differences in the delineation of edges 
and features due to the resolution change of the input product. 
Considering the maps obtained by processing EW images, it is evident that, in both cases, the 
lower resolution of the input product causes a blurring and a fragmentation of the estimated velocity 
field. Outside the glacier area, many regions exhibiting non-null velocity appear. Inside the glacier, 
the estimated velocity field tends to be flatter and the edges less defined. This effect is more 
pronounced when using GRDM images. 
The correlation map depicted in Figure 4a exhibits acceptable values all over the glacier, with 
no significant presence of rejected GCPs which are mainly concentrated at the North edge of the 
glacier. As a general comment, the correlation resulted higher south of the glacier, in areas where the 
ice melted and, consequently, the bare land got exposed. Similar considerations hold for the q 
parameter and, overall, for the quality parameters of the GRDH experiments (not shown for brevity) 
and this supports the similarity of the outputs. 
In Figure 5, the difference map (expressed in m/day) between the estimated velocity field and 
reference data for the observation period 6–12 January 2017 is shown. In particular, Figure 5a is 
relevant to SLC image input, while Figure 5b concerns to the IW GRDH experiment. Reference data 
in form of map are available only for the central part of the glacier, therefore these pictures refer to a 
subset of the whole study area. Data concerning EW GRDH and EW GRDM are not displayed for 
brevity. As explained before, they are affected by the lower resolution of the input products, which 
shows significant differences with respect to reference data, especially at the edges of the glacier. 
  
  
(a) (b) 
Figure 5. PG, velocity difference map relevant to the observation period 6–12 January 2017 between 
the implemented frequency domain OT and reference data for (a) SLC and (b) GRDH image input. 
In both cases, very small differences can be appreciated in the two velocity fields, in particular 
within the glacier area, where the maps show almost null differences. The higher values characterize 
the edges of the glacier. This can be partially due to both the diverse windowing used by the two 
different algorithms for the calculation of the CC and the resampling necessary to overlap the 
different maps. Another area exhibiting moderate discrepancies is at the right-hand side of the 
glacier, where it forms a sort of branch. Here, the differences are slightly more pronounced when 
using IW GRDH images. 
3.1.2. Nioghalvfjerdsfjorden 
Results concerning the NI are shown in Table 6 and Table 7 respectively for the IW SLC and 
GRDH product classes. Those concerning EW GRDH images are omitted for brevity but will be 
discussed afterwards together with aggregated data for all of the performed experiments. 
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Table 6. NI, IW SLC product class experiments, RMSE (expressed in m/day) with respect to available 
literature data measured along selected along/across flow transects.  
Nioghalvifierdsfjorden–IW SLC 
Observation Track 
w = 64, f = 16/4 w = 64/128, f = 8/4 w = 128, f = 8/4 w = 256, f = 8/4 
Along Across Along Across Along Across Along Across 
3–9 Jan 74 AA 0.36 0.47 0.33 0.32 0.33 0.39 0.33 0.44 
2–8 Feb 74 AA 0.24 0.20 0.30 0.26 0.30 0.24 0.30 0.30 
4–10 Mar 74 AA 0.28 0.26 0.47 0.45 0.45 0.47 0.37 0.41 
15–21 Apr 74 AA 0.14 0.22 0.10 0.22 0.10 0.24 0.10 0.30 
3–9 May 74 AA 0.28 0.41 0.42 0.40 0.37 0.45 0.39 0.52 
2–8 Jun 74 AA 0.52 0.59 0.70 0.66 0.49 0.48 0.49 0.53 
2–8 Jul 74 AA 0.28 0.53 1.05 1.02 0.22 0.37 0.22 0.42 
1–7 Aug 74 AA 0.42 0.40 1.35 1.04 0.24 0.37 0.26 0.40 
6–12 Sep 74 AA 0.33 0.32 0.32 0.33 0.28 0.20 0.56 0.28 
6–12 Oct 74 AA 0.14 0.20 0.14 0.30 0.10 0.14 0.14 0.20 
5–11 Nov 74 AA 0.14 0.17 0.20 0.50 0.10 0.20 0.14 0.26 
5–11 Dec 74 AA 0.14 0.22 0.22 0.17 0.22 0.20 0.22 0.17 
Time  ≈ 1 hr ≈ 1.4 hrs ≈ 2.8 hrs ≈ 15.8 hrs 
Table 7. NI, IW GRDH product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along/across flow transects.  
Nioghalvifierdsfjorden–IW GRDH 
Observation Track 
w = 64, f = 8 w = 128, f = 8 w = 256, f = 4 
Along Across Along Across Along Across 
3–9 Jan 74 AA 0.24 0.33 0.22 0.32 0.17 0.26 
2–8 Feb 74 AA 0.35 0.54 0.32 0.57 0.28 0.47 
4–10 Mar 74 AA 0.30 0.56 0.24 0.52 0.22 0.45 
15–21 Apr 74 AA 0.28 0.48 0.24 0.48 0.20 0.42 
3–9 May 74 AA 0.24 0.33 0.24 0.33 0.24 0.39 
2–8 Jun 74 AA 0.30 0.40 0.30 0.41 0.33 0.47 
2–8 Jul 74 AA 0.17 0.24 0.20 0.26 0.14 0.28 
1–7 Aug 74 AA 0.20 0.44 0.14 0.30 0.20 0.37 
6–12 Sep 74 AA 0.61 0.50 0.32 0.24 0.63 0.22 
6–12 Oct 74 AA 0.14 0.22 0.10 0.20 0.26 0.35 
5–11 Nov 74 AA 0.10 0.10 0.10 0.36 0.22 0.36 
5–11 Dec 74 AA 0.10 0.24 0.10 0.24 0.20 0.33 
Time  ≈ 0.7 hrs ≈ 4.5 hrs ≈ 5.3 hrs 
 
As for the PG, the flow velocities estimated using the EW GRDH product class are highly 
affected by the lower resolution. As better explained below, the RMSE with respect to reference data 
is significant especially in the across flow direction, for which it is close to one meter per day. 
Overall, the results are similar to those discussed above for the PG. Even in this case, the 
performance of IW SLC and IW GRDH products are fully comparable against the reference 
literature. Using SLC images, the higher values of the RMSE tend to occur during the summer when, 
as reported in Table 2, the flow velocity is higher. The increase in the CC window size results in a 
more stable RMSE, at the expense of computational times. Conversely, IW GRDH results are not 
significantly affected by seasonal effects. 
3.1.3. Jackobshavn Isbræ 
The results concerning JAK are reported in Table 8 and Table 9 for the processed IW SLC and 
IW GRDH images, respectively. Based on literature data, during 2017 this glacier reached peak 
velocities of more than 30 m/day [47]. Therefore, over an observation period of 6 days, 
displacements in the order of 200 meters are expected. Using SLC images with range pixel spacing in 
the order of 3.5 meters, the range window size of 64 or 128 pixels is not enough to detect this order of 
displacements. Moreover, the use of windows of 256 pixels in range direction (or bigger) leads to 
wide decorrelation areas preventing a reliable estimate of the displacements. Therefore, for this 
glacier, a multilook factor of two in range direction was applied to SLC products. Being an 
incoherent mean [4], multilooking increased the range pixel spacing of input products to 
approximately 7 meters (see Table 1) allowing, consequently, the adoption of smaller CC windows. 
The RMSE values reported in the tables indicate that, even for JAK, there is no significant 
difference in the performance of IW SLC and IW GRDH products. In the first case, the best fit with 
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reference data was obtained using a window size of 64 pixels in azimuth and 128 pixels in range. In 
the second case, the best performance against the literature was given by an asymmetric window of 
128 pixels in azimuth and 64 pixels in range. 
As for EW GRDH and EW GRDM products, the estimated flow velocities were significantly 
affected by the image lower resolution. Detailed results are not shown for brevity. Aggregated 
results will be provided at the end of this section. 
Table 8. JAK, IW SLC product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along/across flow transects.  
Jackobshavn–IW SLC 
Observation Track 
w = 64, f = 8/4 w = 64/128, f = 8/4 w = 128, f = 8/4 w = 128/256, f = 8/4 
Along Across Along Across Along Along Along Across 
4–10 Jan 90 AA 1.67 0.33 1.29 0.38 1.65 0.41 2.52 0.34 
15–21 Feb 90 AA 1.57 0.31 1.35 0.22 1.44 0.26 2.15 0.22 
5–11 Mar 90 AA 1.55 0.26 1.56 0.24 1.57 0.26 1.97 0.28 
4–10 Apr 90 AA 1.58 0.38 1.10 0.41 1.20 0.42 1.90 0.37 
4–10 May 90 AA 1.45 0.86 1.08 0.30 1.30 0.28 2.43 0.30 
3–9 Jun 90 AA 1.59 0.47 1.22 0.26 1.83 0.26 2.97 0.24 
2–2 Aug 90 AA 1.12 0.22 1.35 0.20 1.22 0.22 2.32 0.28 
20–26 Aug 90 AA 2.25 0.65 2.39 0.20 1.40 0.26 3.40 0.24 
13–19 Sep 90 AA 1.32 0.66 1.44 0.30 1.80 0.34 4.01 0.36 
7–13 Oct 90 AA 1.75 0.48 1.27 0.31 1.55 0.36 2.20 0.33 
6–12 Nov 90 AA 1.62 0.64 1.17 0.28 1.40 0.17 2.70 0.20 
6–12 Dec  90 AA 1.88 0.55 1.51 0.24 1.63 0.26 2.35 0.28 
Time  ≈ 0.2 hrs ≈ 0.3 hrs ≈ 0.6 hrs ≈ 1.6 hrs 
Table 9. JAK, IW GRDH product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along/across flow transects.  
Jackobshavn–IW GRDH 
Observation Track 
w = 64, f = 8 w = 64/128, f = 8 w = 128/64, f =8 w = 128, f = 8 w = 256, f = 4 
Along Across Along Across Along Across Along Across Along Across 
4–10 Jan 90 AA 1.99 0.79 2.03 0.82 1.89 0.85 1.45 0.42 3.07 0.45 
15–21 Feb 90 AA 1.44 0.24 1.82 0.26 1.27 0.24 1.42 0.24 2.46 0.49 
5–11 Mar 90 AA 1.57 0.53 1.76 0.32 1.35 0.35 1.43 0.32 2.24 0.55 
4–10 Apr 90 AA 1.81 0.77 1.37 0.37 1.17 0.40 1.10 0.35 1.98 0.49 
4–10 May 90 AA 1.61 0.41 1.79 0.41 1.28 0.42 1.76 0.44 3.08 0.42 
3–9 Jun 90 AA 1.52 0.79 1.69 0.39 1.06 0.45 1.24 0.36 3.42 0.41 
27–2 Aug 90 AA 1.66 1.10 1.09 0.57 0.85 0.37 0.89 0.33 2.47 0.45 
20–26 Aug 90 AA 1.86 0.58 1.88 0.57 1.20 0.37 1.17 0.28 2.91 0.32 
13–19 Sep 90 AA 2.14 0.92 1.65 0.48 1.30 0.45 1.57 0.45 3.95 0.47 
7–13 Oct 90 AA 1.82 0.91 1.57 0.20 1.29 0.20 1.31 0.17 2.63 0.42 
6–12 Nov 90 AA 1.97 0.71 2.20 0.70 1.72 0.63 1.35 0.44 3.24 0.33 
6–12 Dec  90 AA 1.94 0.72 1.90 0.36 1.51 0.35 1.55 0.35 2.80 0.37 
Time  ≈ 0.2 hrs ≈ 0.4 hrs ≈ 0.4 hrs ≈ 1.3 hrs ≈ 1.2 hrs 
3.1.4. Thwaites Glacier 
The last analyzed glacier was the THW. The RMSE for the estimated flow velocities calculated 
against the reference literature for the 12 processed pairs is shown in Table 10 and Table 11 for IW 
SLC and IW GRDH experiments. As for the other glaciers, the results are quite similar. Some pairs 
exhibited serious decorrelation issues, especially in the SLC case, where data on the pairs acquired in 
February, March and August were not retrievable. These couples (in addition to that acquired in 
November) were affected by the same problems using GRDH images but, in this case, the increase of 
the CC window had positive influence on the correlation, thus allowing for a reliable retrieval of the 
velocity field. The lack of any clear link to seasonal effects, such as ice melting during the Antarctic 
summer, suggests that correlation patterns can be significantly modified by varying the product 
type and that the pre-processing applied to data (standard TOPSAR, eventually followed by 
detection and resampling in the case of GRD images) can play a significant role in the calculation of 
the velocity field. 
3.1.5. Aggregated Results 
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Aggregated results for all of the performed experiments and test sites are provided in Table 12 
and in the four successive pictures. Data reported in the table represent the annual RMSE of the 
estimated velocities against reference data calculated as described in Equation (2) using now the 
annual average of the estimated and reference flow speeds. The average annual flow speed along the 
considered transects for all the products involved in the comparison is depicted in Figure 6, Figure 7, 
Figure 8 and Figure 9 for PG, NI, JAK and THW, respectively. 
Table 10. THW, IW SLC product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along/across flow transects.  
Thwaites–IW SLC 
Observation Track 
w = 64, f = 16/4 w = 64/128, f = 16/4 w = 128, f = 8/4 w = 128/256, f = 8/4 
Along Across Along Across Along Across Along Across 
9–15 Jan 65 AA 0.62 0.62 0.67 0.70 0.73 0.74 0.71 0.73 
20–26 Feb 65 AA na na na na na na na na 
10–16 Mar 65 AA na na na na na na na na 
9–15 Apr 65 AA 0.51 0.52 0.48 0.50 0.50 0.49 0.47 0.49 
15–21 May 65 AA 1.79 1.56 1.78 1.61 1.68 1.52 1.65 1.52 
2–8 Jun 65 AA 1.17 1.28 1.13 1.37 1.11 1.34 1.08 1.35 
2–8 Jul 65 DD 1.10 1.15 0.98 1.09 0.89 1.05 0.89 1.05 
1–7 Aug 65 DD na Na na na na na na na 
6–12 Sep 65 DD 1.64 1.10 1.75 1.27 1.77 1.25 1.65 1.09 
6–12 Oct 65 DD 0.71 0.59 0.61 0.53 0.66 0.56 0.66 0.55 
5–11 Nov 65 DD 0.99 0.68 0.94 0.63 0.96 0.69 0.78 0.59 
5–11 Dec 65 DD 1.68 0.83 1.37 0.95 1.42 1.00 1.52 0.98 
Time  ≈ 0.75 hrs ≈ 1.5 hrs ≈ 2 hrs ≈ 4.9 hrs 
Table 11. THW, IW GRDH product class experiments, RMSE (expressed in m/day) with respect to 
available literature data measured along selected along/across flow transects.  
Thwaites–IW GRDH 
Observation Track 
w = 64, f = 8 w = 128, f = 8 w = 256, f = 4 
Along Across Along Across Along Across 
9–15 Jan 65 AA 0.95 0.90 0.84 0.87 1.07 1.00 
20–26 Feb 65 AA na na 1.64 1.51 1.71 1.51 
10–16 Mar 65 AA na na na na 1.29 1.27 
9–15 Apr 65 AA 1.55 1.20 1.41 1.21 1.47 1.26 
15–21 May 65 AA 1.55 1.28 1.70 1.45 1.49 1.30 
2–8 Jun 65 AA 1.52 1.51 1.55 1.47 1.45 1.39 
2–8 Jul 65 DD 1.33 0.99 1.43 1.31 0.84 0.73 
1–7 Aug 65 DD na na na na 1.38 1.26 
6–12 Sep 65 DD 1.97 1.70 2.01 1.67 2.12 1.72 
6–12 Oct 65 DD 1.28 1.28 1.20 1.20 1.26 1.23 
5–11 Nov 65 DD na na 1.16 1.36 1.42 1.49 
5–11 Dec 65 DD 1.49 1.43 1.57 1.56 1.73 1.36 
Time  ≈ 0.5 hrs ≈ 2.5 hrs ≈ 3.5 hrs  
 
From Table 12, it arises that for PG the performance of IW SLC and IW GRDH is fully 
comparable with respect to reference data, with registered RMSE of few tens of centimeters per day 
on the annual average in both along and across flow directions. The performance of EW products is 
still acceptable, although the retrieved velocity field is noisier at the edge of the glacier (see Figure 6a 
and Figure 6b). Overall, a slight underestimation of the displacement velocity is registered whatever 
the product class is used if compared with reference data. 
Table 12. RMSE (expressed in m/day) against reference literature for the selected along/across flow 
transects for the four analyzed glaciers and product classes calculated by averaging one year of 
observations. 
Glacier IW SLC IW GRDH EW GRDH EW GRDM 
 Along Across Along Across Along Across Along Across 
Petermann 0.10 0.20 0.17 0.24 0.32 0.50 0.53 0.66 
Nioghalvifierdsfjorden 0.17 0.20 0.14 0.20 na  na  0.57 0.91 
Jackobshavn 1.69 0.17 1.55 0.22 7.37 1.24 8.39 1.37 
Thwaites 1.10 0.81 1.41 1.17 na na 1.63 1.01 
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(a) (b) 
Figure 6. PG, average annual flow speed for reference data (blue curve) and all the analyzed 
products (IW SLC red curve, IW GRDH black curve, EW GRDH magenta curve, EW GRDM green 
curve). (a) Along flow speed. (b) Across flow speed. 
  
(a) (b) 
Figure 7. NI, average annual flow speed for reference data (blue curve) and all the analyzed products 
(IW SLC red curve, IW GRDH black curve, EW GRDM green curve). (a) Along flow speed. (b) Across 
flow speed. 
  
(a) (b) 
Figure 8. JAK, average annual flow speed for reference data (blue curve) and all the analyzed 
products (IW SLC red curve, IW GRDH black curve, EW GRDH magenta curve, EW GRDM green 
curve). (a) Along flow speed. (b) Across flow speed. 
As for NI, the displacement velocity estimated using EW GRDH products is not fitting the 
reference distribution, as shown in Figure 7a and Figure 7b. This is also confirmed by the RMSE 
values reported in Table 12, which are higher with respect to those calculated for IW SLC and IW 
GRDH images. As a general comment, the reference curves for the flow velocity for the along and 
across flow transects are almost in the middle of those retrieved using these products, with those 
relevant to IW SLC images placed slightly upper. 
In the case of JAK, the differences between reference data and the results obtained by 
processing IW SLC and IW GRDH images are concentrated in the along flow direction, with 
particular reference to the first kilometers of the considered transect (see Figure 8a). Concerning the 
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across flow direction, the velocity field here estimated does almost perfectly match the values 
provided by the reference literature (Figure 8b) as shown by the average RMSE in that direction, 
which is for both products of few centimeters per day. 
 
  
(a) (b) 
Figure 9. THW, average annual flow speed for reference data (blue curve) and all the analyzed 
products (IW SLC red curve, IW GRDH black curve, EW GRDM green curve). (a) Along flow speed. 
(b) Across flow speed. 
As for EW products, both the GRDH and GRDM product class failed in the reconstruction of 
the velocity field of the JAK. As witnessed by the RMSE values reported in Table 12 and by the 
displacement velocity distributions depicted in Figure 8a and Figure 8b, these product classes are 
not suitable for the monitoring of this glacier. 
In the case of THW, the behavior of the analyzed product classes is quite consistent. For all of 
them, the trend is an underestimation of the displacement velocity with respect to reference data, 
with the underestimation increasing as the product resolution decreases. As reported in Table 12, the 
best registered performance against reference data is that of IW SLC products. Differences with 
respect to the results obtained using IW GRDH images arise especially in the along flow direction 
(see Figure 9a). In the across flow direction, the curves depicting the displacement velocity along the 
transect almost overlap, especially where the glacier exhibits its peak velocity (see Figure 9a). 
The same considerations can be made for the EW GRDM product class. The discrepancy with 
respect to reference data is higher in the along flow direction, especially in the first and last 
kilometers of the transect. If the across flow direction is considered, the performance of this product 
class is in line with those of higher resolution data. 
3.2. Same Algorithm Comparison 
In the previous section, the velocity fields estimated by an in-house implemented OT algorithm 
were compared with the outputs from a commercial software to test the reliability of the solution. 
Here, the results are discussed fixing the algorithm and the parameter of the output flow velocity 
maps. In other words, the comparison will be implemented between algorithm runs leading to maps 
having comparable sensitivity and obtained with similar computational times. 
In Table 13, data concerning PG (left panel) and NI (right panel) are reported. The reference 
velocity field is that obtained using IW SLC images as input for the in-house OT. In the case of PG, 
the reference experiments have been performed by setting the CC window dimension to 64x64 
square pixel and the oversampling factor to 16/4 in the azimuth/slant range directions, respectively. 
The same settings were applied to reference NI experiments. 
Comparison data are shown only for IW GRDH images for brevity, also because this product 
class, together with the IW SLC, is showing the best agreement with the reference literature data. For 
both the PG and the NI, the OT setting for these experiments was CC window of 64 × 64 pixels and 
oversampling factor of 8 in both azimuth and slant range directions.  
The table confirms that, as previously discussed, there are no significant differences in the 
displacement velocities estimated for the two product classes. In particular, for the PG, a peak RMSE 
of 0.44 m/day was recorded in the along flow direction, while for the across flow the highest MSE 
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was of 0.92 m/day. Average values for the along flow and across flow RMSE were of 0.20 and 0.10 
m/day respectively. 
Table 13. RMSE (expressed in m/day) for the displacement velocities calculated with the in-house 
OT algorithm with respect to reference IW SLC results for the PG (left panel) and NI (right panel). 
Petermann Nioghalvifierdsfjorden 
Observation Track 
IW GRDH 
Observation Track 
IW GRDH 
Along Across Along Across 
6–12 Jan 26 AA 0.17 0.36 3–9 Jan 74 AA 0.47 0.39 
11–17 Feb 26 DD 0.26 0.20 2–8 Feb 74 AA 0.47 0.59 
1–7 Mar 26 DD 0.32 0.30 4–10 mar 74 AA 0.42 0.49 
6–12 Apr 26 DD 0.26 0.35 15–21 Apr 74 AA 0.30 0.54 
18–24 May 26 DD 0.36 0.30 3–9 May 74 AA 0.30 0.67 
11–17 Jun 26 DD 0.44 0.92 2–8 Jun 74 AA 0.46 0.66 
11–17 Jul 26 DD 0.35 0.73 2–8 Jul 74 AA 0.28 0.30 
10–16 Aug 26 DD 0.26 0.69 1–7 Aug 74 AA 0.54 0.30 
9–15 Sep 26 DD 0.20 0.20 6–12 Sep 74 AA 0.64 0.32 
9–15 Oct 26 DD 0.14 0.22 6–12 Oct 74 AA 0.17 0.24 
8–14 Nov 26 DD 0.22 0.14 5–11 Nov  74 AA 0.20 0.36 
8–14 Dec 26 DD 0.33 0.17 5–11 Dec 74 AA 0.26 0.20 
Mean  0.20 0.10 Mean  0.24 0.33 
 
Similarly, for the NI, the peak values for the RMSE were of 0.64 and 0.67 m/day for the along 
flow and across flow directions, respectively. On average, the registered RMSE was of 0.24 and 0.33 
m/day for the two reference directions. 
Data concerning JAK and THW are reported in the left and right panel of Table 14, respectively. 
As for the previous glaciers, only the comparison between reference IW SLC results and IW GRDH 
outputs is considered for brevity. 
Table 14. RMSE (expressed in m/day) for the displacement velocities calculated with the in-house 
OT algorithm with respect to reference IW SLC results for JAK (left panel) and THW (right panel). 
Jackobshavn Thwaites 
Observation Track 
GRDH10 
Observation Track 
GRDH10 
Along Across Along Across 
4–10 Jan 90 AA 1.36 0.75 9–15 Jan 65 AA 0.62 0.33 
15–21 Feb 90 AA 1.19 0.20 20–26 Feb 65 AA na na 
5–11 Mar 90 AA 1.23 0.32 10–16 Mar 65 AA na na 
4–10 Apr 90 AA 1.79 0.30 9–15 Apr 65 AA 1.12 1.18 
4–10 May 90 AA 0.95 0.42 15–21 May 65 AA 0.62 0.30 
3–9 Jun 90 AA 0.95 0.56 2–8 Jun 65 AA 0.64 0.24 
27–2 Aug 90 AA 1.34 0.40 2–8 Jul 65 DD 0.79 0.47 
20–26 Aug 90 AA 2.36 0.42 1–7 Aug 65 DD na na 
13–19 Sep 90 AA 1.38 0.36 6–12 Sep 65 DD 0.57 0.69 
7–13 Oct 90 AA 1.24 0.35 6–12 Oct 65 DD 0.74 0.85 
6–12 Nov 90 AA 1.18 0.73 5–11 Nov  65 DD 0.92 1.04 
6–12 Dec 90 AA 0.90 0.26 5–11 Dec 65 DD 0.72 0.45 
Mean  0.67 0.17 Mean  0.75 0.45 
 
As for JAK, data relevant to IW SLC experiments have been collected by setting the CC window 
to 64/128 pixels and the oversampling factor to 8/4 in the azimuth/slant range directions, 
respectively. In the IW GRDH experiments, the CC window was 128/64 pixels in azimuth/slant 
range direction, respectively, and the oversampling factor of 8 in both directions. 
The highest performance difference between the two product classes is in the long track 
direction, with a peak RMSE of 2.36 m/day for the observation period 20 – 26 August 2017. For 
almost all the other pairs, the discrepancies are minor, leading to an average RMSE for the entire 
year of 0.67 m/day. The agreement between the results obtained using the two different product 
types is better in the across track direction, where the RMSE peak and yearly average recorded are 
0.75 and 0.17 m/day, respectively. 
The results on the THW were obtained, in the case of IW SLC images by setting the CC window 
to 128/256 pixels and the oversampling factor to 8/4 in azimuth/slant range directions, respectively. 
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As for IW GRDH products, the CC window was set to 256 × 256 pixels and the oversampling factor 
to 8 for both directions. 
The RMSE values calculated for both the along track and the across track directions are within 
the expected values. In the first case, the highest registered RMSE is 1.12 m/day for the pair 9 – 15 
April 2017. All the other values are much lower than one meter per day, leading to a yearly average 
of 0.75 m/day. 
In the across track direction, the peak RMSE, in the order of 1.18 m/day was registered for the 
same pair. In this case, the yearly average was of 0.45 m/day. 
3.3. Storage and Computational Times 
As discussed in the previous Sections, the computational time necessary to produce 
displacement maps with a sensitivity in the order of one meter in both the azimuth and slant range 
directions is roughly the same whatever the product class considered. This is because it is possible to 
balance the higher resolution of the input image with a lower oversampling factor and, on the other 
side, the lower resolution, requiring higher oversampling, by processing tiny subsets of the whole 
scan. 
As an example, in the case of the PG, displacement maps with theoretical sensitivity of 0.9 
meters in both azimuth and slant range directions have been produced using IW SLC products as 
input in 1.5 hours running a serial code on an 8-cores machine with 128 GB of RAM memory. Using 
IW GRDH products, a slightly lower theoretical sensitivity, in the order of 1.2 meters in the two 
directions, has been obtained in approximately one-hour processing time. Computational times of 
the same order have been registered when producing maps with sensitivity of 1.6 and 2.5 meters in 
the two directions using EW GRDH and EW GRDM products, respectively. For these products, 
however, the increase of the CC window dimension from 64 × 64 to 128 × 128 pixels had a destructive 
impact on computational times. Similar considerations hold for the other glaciers analyzed. 
The scenario changes if storage needs reported in Table 15 are considered. It arises that, to 
process the four time-series using IW SLC products, approximately slightly less than one terabyte of 
data was archived to output one image per month. This means that, the exploitation of the full 
temporal resolution of the Sentinel-1 constellation, delivering up to one image every six days, would 
imply to multiply by four the amount of data processed in this work, with the total reaching 
approximately 4 terabytes for the considered glaciers. 
Table 15. Storage needs (in GB) per analyzed time-series, processing step, and product class. 
Glacier Level-1 Coregistration Subset OT Map Product 
PG 
93.1 
20.2 
15.2 
5.74 
78.8 
37.8 
18.2 
8.92 
62.5 
22.0 
5.66 
1.95 
62.5 
22.0 
5.66 
1.95 
0.35 
0.24 
0.77 
0.67 
IW SLC 
IW GRDH  
EW GRDH 
EW GRDM 
NI 
106 
22.9 
6.07 
81.6 
37.8 
8.66 
39.4 
13.2 
2.21 
39.4 
13.2 
2.21 
0.20 
0.15 
0.27 
IW SLC 
IW GRDH 
EW GRDM 
JAK 
80.5 
17.7 
17.6 
6.54 
80.2 
38.3 
19.2 
9.30 
17.7 
3.91 
1.70 
0.45 
17.7 
3.91 
1.70 
0.45 
0.07 
0.04 
0.17 
0.11 
IW SLC 
IW GRDH 
EW GRDH 
EW GRDM 
THW 
51.6 
12.0 
6.40 
77.3 
37.9 
9.28 
36.7 
11.3 
1.28 
36.7 
11.3 
1.28 
0.28 
0.12 
0.20 
IW SLC 
IW GRDH 
EW GRDM 
 
Using IW GRDH images, the total amount of data to be archived is less than 300 GB, about one 
third less than that required for the full resolution complex product class. This value further 
decreases using EW images up to less 100 GB exploiting the lowest resolution GRDM product class. 
These values do not consider any data compression technique. 
4. Discussion 
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The SAR literature is rich in works addressing glacier monitoring using OT techniques and, 
currently, it is benefiting from the open data policy of ESA regarding acquisitions made under the 
aegis of Copernicus Programme. The improved access to images is boosting the research in this field, 
with particular focus on continuous monitoring. However, works addressing the problem at product 
level, offering insights into the different product types performance, are still missing. 
OT methods, using a pair of SAR images, can detect movements of several meters with a good 
degree of approximation [31]. The accuracy of the estimated displacements depends on many factors 
including the resolution of input images, the magnitude of real displacements, the acquisition 
geometry and the correlation coefficient between the considered image patches [58]. These 
parameters are interconnected. Higher resolution images tend to maximize correlation at finer scale 
and should be preferred when dealing, as an example, with landslides [30,56]. Spatial decorrelation 
can be also due to orbital issues, i.e differences in the acquisition geometry and/or large spatial 
baseline that, changing speckle patterns or the response of rugged terrains [35], can affect the 
amplitude and the sharpness of the correlation peak [59]. 
The general trend in the literature is to feed OT algorithms with complex images [25]. However, 
as demonstrated in the previous Section, the use of pre-processed detected images presents 
advantages at storage and computational level. Moreover, their performance is fully comparable 
with that of complex products, in particular in the case of the PG and of the NI, which are 
characterized by the smallest movements among the analyzed glaciers. A significant error of more 
than 2 m/day against reference data was registered for the JAK case study of August 2017 using SLC 
images with correlation windows of 64×64 square pixel and of 64 pixels in azimuth and 128 pixels in 
range. This can be due to the combination of effects given by the small correlation window and the 
flow velocity, which reach its peak in that month (see Table 2). A similar situation is observed in the 
IW GRDH case. 
In some cases, it was not possible to retrieve the velocity field due to decorrelation issues. This 
happened for the PG using interferometric extra-wide swath products and for the THW Glacier 
using interferometric wide swath images, both complex and detected. In the first case, the 
decorrelation was likely due to orbital issues, since footprints appear quite squinted. The same did 
not occur for the THW Glacier, for which the acquisition geometries seem to be consistent. 
Moreover, an improvement of correlation was registered with the increase of the calculation 
window using detected images, and this allowed for a reliable estimation of the velocity field. 
Conversely, this was not possible exploiting complex products. This suggests that correlation 
patterns can be significantly modified varying the product type, and that they do not necessarily 
benefit from the enhancement of the resolution of the input product. The investigation of the effects 
of pre-processing and/or image parameters on the cross-correlation and, as a consequence, on the 
estimated velocity field, is an open point to be addressed with further research. 
Moving to aggregated results (see Section 3.1.5), the most remarkable differences with respect 
to reference data arose for the JAK in the along flow direction, with particular reference to the first 
kilometers of the considered transect (see Figure 8a). Due to the lack of any ground data and the 
limited visibility of the algorithm implemented in the GAMMA-SAR software suite, it is difficult to 
understand which result better represents the real movement of this part of the glacier. However, the 
assessment of the best performing method is not the purpose of this paper which has focused on the 
study of the performance of different classes of SAR products. In this perspective, it is possible to 
argue that the performance of IW SLC and IW GRDH product classes is mostly equivalent. This is 
confirmed by the values of the RMSE reported in Table 12. 
5. Conclusions 
Since 2014, the Sentinel-1 mission of the European Space Agency has been providing 
high-quality synthetic aperture radar data allowing for more effective monitoring of our rapidly 
changing planet. Data are delivered in different formats and at different stages of the SAR 
pre-processing chain. However, only a few studies in literature are concerned with the assessment of 
the best product for a specific application. In this work, we compared the performance of all the 
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Sentinel-1 product classes (interferometric wide swath single look complex, interferometric wide 
swath high-resolution ground range detected, extra-wide swath high-resolution ground range 
detected, and extra-wide swath medium-resolution ground range detected) in a classic radar remote 
sensing application, i.e glacier monitoring using offset tracking. 
To this end, four different glaciers (namely the Petermann Glacier, the Nioghalvifierdsfjorden, 
the Jakobshavn Isbræ and the Thwaites glacier) have been investigated using a state-of-the-art 
algorithm applied to couple of images acquired with short temporal baseline (6 to 12 days) during 
the year 2017. The obtained flow velocities were compared initially with reference literature data 
obtained using an offset tracking tool implemented in the commercial software suite GAMMA-SAR 
to test the reliability of the implemented solution. Then, the comparison moved at product level (i.e 
fixing the offset tracking algorithm) to better understand each performance. 
The results showed that the flow velocities retrieved along selected along/across flow transects 
by using interferometric wide swath products (both complex and detected) were in good agreement 
with literature data, although the implemented solution tend to slightly underestimate the flow 
velocities. However, the lack of ground data as well as of information on the algorithm implemented 
in the aforementioned commercial software suite makes it difficult to understand which solution 
better depicts the real phenomenon. As a general comment, the flow velocities obtained using 
complex and detected images were fully comparable. The most remarkable difference was observed 
in the case of the Thwaites Glacier, in both along and across flow directions, where complex product 
performed slightly better. 
The passage to extra-wide swath images, instead, was disadvantageous, with results tending to 
drift more from the reference as the resolution of the input product decreases. Another point against 
these product classes is that the time span between two successive acquisitions on the same area is of 
12 days in most of the cases (while for interferometric wide swath images is 6 days). This has a 
negative impact on the correlation between the image pairs and, consequently, on the estimated 
displacements. 
The product-level comparison aimed at the analysis of the velocity field output by the same 
algorithm once fixed the parameters of the output map, i.e theoretical sensitivity and the resolution, 
and it mainly confirmed what arose from the comparison with the literature. The performance of 
interferometric wide swath high-resolution ground range detected images was fully comparable 
with that of complex ones, with yearly averages of the root mean square errors calculated along the 
transects ranging from few centimeters to few tens of centimeters per day. 
The major differences between the two product classes concern the pre-processing, applied to 
prepare the images for the ingestion in the core information process, and storage needs. Ground 
range detected images are ready-to-use data, which do not need any pre-processing before being 
ingested in the offset tracking algorithm. On the contrary, complex images must be compensated for 
the TOPSAR acquisition mode before being exploited for information extraction. 
Storage needs greatly vary depending on the product class. Each step forward in the resolution 
(from the extra wide swath medium resolution to the full resolution complex) roughly implied 
quadrupling the storage capacity. 
Summarizing, this work demonstrated that the performance of Sentinel-1 interferometric wide 
swath images, both complex and detected, are fully comparable, making them a perfectly 
interchangeable input for offset tracking procedures. However, detected images could be 
advantageous, for example in case of studies requiring short revisit times, due to their faster 
processing (as no pre-processing is required) and the lower storage demand. As for extra-wide 
swath images, the estimated flow velocities are highly affected by the lower resolution of the input 
products. Therefore, these product classes are not recommended for this kind of applications. 
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Abbreviations 
List of the acronyms (in order of appearance): 
S1 Sentinel-1 
ESA European Space Agency 
SAR Synthetic Aperture Radar 
IW Interferometric Wide swath 
EW Interferometric Extra Wide swath 
TOPSAR Terrain Observation with Progressive Scanning SAR 
SDH Sentinels Data Hub 
SLC Single Look Complex 
GRD Ground Range Detected 
GRDF Full resolution Ground Range Detected 
GRDH High-resolution Ground Range Detected 
GRDM Medium resolution Ground Range Detected 
SM Stripmap 
OT Offset Tracking 
PG Petermann Glacier 
NI Nioghalvfjerdsfjorden 
JAK Jackobshavn Isbræ 
THW Thwaites Glacier 
DInSAR Differential Synthetic Aperture Radar Interferometry 
CC Cross-correlation 
RMSE Root Mean Square Error 
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